a Hollow ZnO microspheres were successfully synthesized by a hydrothermal method and then functionalized with graphene oxide (GO) flakes, previously obtained through electrochemical oxidation. Their photocatalytic activity toward the photodegradation of salicylic acid under UV light irradiation was evaluated by UV-Vis spectroscopy. Unfunctionalized microspheres and ZnO functionalized with chemically oxidized graphene were also studied as comparative terms. The hybrid materials of ZnO with both electrochemical and chemical GO gave a similar photodegradation yield of $28% against 18% of the non-functionalized microspheres. The similar degradation yields and rate constants obtained with the two GO synthetic methods indicate that electrochemical oxidation of GO represents an eco-friendly option over traditional methods for photocatalytic degradation systems.
Introduction
One of the principal pollutants that comes from pharmaceutical, food and cosmetic industries is salicylic acid (SA). Despite the fact that several decomposition methods have been proposed, the photodegradation of this contaminant is an easy and ecological method for industrial wastewater treatment.
1
Photodegradation of compounds requires, in general, the excitation of a semiconductor, such as tin or zinc oxide. ZnO has a low production cost, high photosensitivity, and nontoxicity. Its photocatalytic activity has been studied for different morphologies: nanorods, nanodiscs, and hollow microspheres.
2,3 These latter have low density and high surface/volume ratio that allow higher efficiency in charge recollection and charge transport with respect to bulk ZnO. 4, 5 Nevertheless, as the band gap of this metal oxide is quite large (3.37 eV), further improvement in the photocatalytic activity has been reported by making composites with carbon-based materials. 6 In particular, graphene oxide (GO) presents different functional groups such as carboxylic acid, hydroxyl, and epoxide groups on its two-dimensional surface that allows functionalization with metal oxides.
7-10
Additionally to improve the band gap increasing the exciton generation, GO effectively transports the charges to the surface of ZnO nanostructures.
10
GO is usually obtained through chemical methods such as Brodie, Staudenmaier, Hummers, and Marcano, [11] [12] [13] [14] which require the use of toxic and hazards materials and involve difficult procedures for their purication. Conversely, the electrochemical method is more straightforward, eco-friendly and economical. [15] [16] [17] In this paper, we report on the synthesis of hollow microspheres of zinc oxide and his surface modication with graphene oxide akes obtained electrochemically, as well as their photocatalytic activity towards the degradation of salicylic acid. ZnO microspheres without GO and with GO obtained by a chemical method (through a modication of Marcano procedure) were also studied as comparative terms. It is to be pointed out that, during the preparation of this manuscript, a work on GO-ZnO microspheres was published. Nevertheless, the syntheses of both, the graphene oxide and the functionalized ZnO hybrid are different and in that work, the photocatalytic activity was investigated in the degradation of methylene blue.
18
The results here reported demonstrate that electrochemical oxidation of graphene can be an eco-friendly option over traditional methods to obtain ZnO microsphere hybrids with enhanced photocatalytic activity.
Electrochemical synthesis of graphene oxide
The electrochemical oxidation was carried out in an air power supply at 15 V and 1.5 amp (22.5 W) in a VersaSTAT3 Potentiostat-Galvanostat from Ametek Scientic Instruments. The working electrode was a graphite bar and platinum wire as the second electrode. Measurements were performed at room temperature, using ammonium carbonate solution 0.25 M as the supporting electrolyte was at reaction times of 7 hours. The product was washed three times with both, deionized water and industrial grade ethanol. In the following, the product of this reaction will be referred to as GO-(NH 4 ) 2 CO 3 .
Chemical synthesis of graphene oxide
Chemical oxidation of graphite was carried out according to Marcano et al. 11 Briey, 640 mL of sulfuric acid, 90 mL of phosphoric acid and 6 g of Asbury 3160 graphite were put in a one neck ask provided with mechanical stirring. The reactive mixture was cooled to 0 C. Then, 36 g of KMnO 4 were added, and the temperature increased to 60 C. The reaction was le for 4 hours. Finally, a solution of 20 mL of hydrogen peroxide (30%) in 200 mL of deionized water was added. The mixture was centrifuged and washed with 200 mL of HCl, 200 mL of ethanol and subsequently with deionized water until pH 7. In the following, the product of this reaction will be referred as GO.
Synthesis of hollow ZnO microspheres
Hollow ZnO microspheres were synthesized by a modied methodology of Seyed et al. 19 Carbon microspheres (CM) were rst synthesized as following: 15 g of anhydrous dextrose dissolved in a mixture of 15 mL of ethylene glycol and 35 mL of deionized water were put into a Teon-lined stainless steel autoclave and le to react during 4 hours at 180 C. The product was then washed three times with deionized water and dried at 80 C for 18 hours. Aer this time, 1 g of carbon microspheres, 2.2 g of zinc dehydrate acetate and 60 mL of deionized water were added to the autoclave. The solution was heated for 90 min at 120 C. The product was then rinsed with deionized water, ethanol and nally pyrolyzed at a heating ramp of 1 C min À1 from 0 to 500 C; maintained at this temperature for 4 hours. In the following, the product of this reaction will be referred to as ZnO.
Preparation of graphene oxide supported on ZnO hollow microspheres
In a vessel, 30 mg of the previously synthesized graphene oxide was dissolved in a mixture of 70 mL of isopropanol and 50 mL of deionized water and sonicated for 2 hours. In another vessel, 90 mg of ZnO hollow microspheres were suspended in 40 mL of deionized water, and then this solution was transferred to the vessel containing the GO. The mixture was kept under magnetic stirring for one hour. Finally, the material was ltered off with PTFE membranes. The product of electrochemical (chemical) GO with ZnO will be referred to as GO-(NH 4 ) 2 CO 3 /ZnO (GO/ ZnO).
Characterization
Raman spectra were recorded on a micro Raman Xplora by Horiba Scientic, by exciting at 532 nm with a nanoLED of 25 mW (attenuation lter of 10%). ATR Fourier transformed infrared (FTIR) analysis was carried out in Nicolet iS5 Thermo scientic iD7ATR, in the range from 4000-600 cm À1 , 16 resolutions, 64 scans, using germanium as reference standard material. SEM characterization was realized with a JEOL JSM-7041F. The samples were gold-palladium sputter coated. The GO morphology was determined by transmission electron microscopy (TEM) with FEI Titan microscope at 300 kV, by casting few drops of a dispersion of GO in water (0.1 mg mL À1 ) on a Lacey Carbon grid. Thermogravimetric analysis (TGA) was carried out using TA Instruments TGA Q500, at a heating rate 10 C min À1 from 25 to 600 C in nitrogen, and from 600 C to 800 C in oxygen. The X-ray diffraction (XRD) study of the powder materials was performed on an Eco D8 Advance of Bruker. The data were recorded in the range of 3-90 2q, at a rate 0.01 min À1 , 40 kV voltage and 25 mA of emission current. XPS analysis was realized on a PHI VersaProbe II instrument of Physical Electronics, during the acquisitions the analysis chamber was a 2 Â 10-8 mTorr. A monochromatic Xray source with an aluminium anode and radiation energy of 1486.6 eV was used. Survey spectra were obtained with an energy step of 117.4 eV, between 1400-0 (eV) of energy binding. High resolution scans of C 1s, O 1s and Zn 2p 3/2 were obtained with 11.75 eV step. Gaussian deconvolution process was made with restrains only on FWHM; maximums and area being free.
Photocatalytic activity
Photocatalytic reactions were carried out in a home-made photoreactor under UV light of 20 W positioned horizontally above the liquid surface. Briey, 10 ppm of salicylic acid and 60 ppm of the previously synthesized material (ZnO; GO/ZnO; GO-(NH 4 ) 2 CO 3 /ZnO), were collocated in a precipitate baker of 250 mL containing a magnetic stirrer and a peristaltic pump into the reactor. The photodegradation was monitored every 30 min during 4 hours by UV-Vis spectroscopy with a Cintra 2020 GBC spectrophotometer, following the change in the absorbance at the maximum wavelength peak of the salicylic acid (295 nm), using deionized water as the reference.
Results and discussion

Electrochemical synthesis of graphene oxide
The electrochemical oxidation of graphite is evidenced aer 15 min of reaction by the appearance of bubbles in the graphite surface electrode and by a colour change from transparent to the dark brown of the suspension. The graphite expands gradually, while the surface becomes rough and easily dilated. During the oxidation process, the presence of bubbles into the graphite layer's allows surpassing the van der Waals forces in the adjacent layers and the exfoliation of graphene layer occurs. The oxidation of graphite, achieved by both electrochemical and chemical methods, is conrmed by vibrational spectroscopy, ATR-FTIR (Fig. 1a) and Raman (Fig. 1b) . The infrared spectrum of the chemically oxidized graphene (Fig. 1a, solid  line) is quite similar to that found in literature, 20, 21 and presents the typical broad OH stretching band in the region of 3600-3000 cm À1 indicative of hydroxyls and carboxylic groups. The signal at 1730 cm À1 is assigned to the C]O stretching vibration of the carboxylic group, while the band at 1632 cm À1 is due to C]C mode of the carbonic skeleton of un-oxidized graphite. The peak at 1064 at cm À1 is consistent with the C-O stretching.
The band at 907 cm À1 are assigned to the different wagging vibrations of the OH, epoxy, ether, etc. vibrations. A bit different is the spectrum of the electrochemically obtained graphene oxide (Fig. 1a, dashed line) . The OH stretching mode becomes broader ranging from 3600 up to 1600 cm The thermogravimetric analysis for the oxides (Fig. 2) , shows a similar weight loss of around 10% (7.44% for GO-(NH 4 ) 2 CO 3 and 9.51% for GO) between 25 C and 70 C, which is likely associated with desorption of the absorbed water. Between 70 C and 184 C, a further weight loss of 11.79% for GO-(NH 4 ) 2 CO 3 and of 29.49% for GO is observed giving a total weight loss of 19.23% and 39.00% for GO-(NH 4 ) 2 CO 3 and GO respectively. This latter is oen ascribed to pyrolysis of the labile oxygen containing functional groups, yielding CO, CO 2 , and steam.
1,6,23
The fact that a higher weight loss is observed for GO conrms that the chemical method yields to a larger extent of oxidation with respect to the electrochemical one. The nal mass loss at 600 C is attributed to the sublimation or burning of the damaged graphite regions or the decomposition of the carbon squeleton.
24-26
Fig . 3 shows the X-ray diffractograms of chemically and electrochemically oxidized graphite. It can be seen, that the diffractogram of the electrochemical product presents a sharp reection at 2q ¼ 26. 5 , which is at the same position of that of the graphite (as observed in the reference spectrum) and that however oxidation is not totally achieved. In contrast, the chemically oxidized GO, only one single, sharp and intense diffraction peak appears at 10.6 (d ¼ 0.82 nm) conrming that chemical oxidation gives rise to a complete oxidation and exfoliation of graphite. Both samples were also observed by TEM (Fig. 4) where a few exfoliated and typical transparent layers of graphene oxide (indicated as dashed regions) could be observed, but coexisting with other areas with stacked sheets (darkest regions) for both GO-(NH 4 ) 2 CO 3 and the GO obtained by Marcano synthesis. This shows that GO obtained by electrochemistry and the chemical GO are similar.
Synthesis of hollow ZnO microspheres and its functionalization with graphene oxide
Representative SEM images are reported in Fig. 5 . Additional images, used for the statistical analyses, are collected in the ESI. † The morphological analysis by SEM of the ZnO-carbon microspheres before calcination (Fig. 5a) shows a smooth surface with an average size for the carbon microspheres of 7.07 AE 2.5 mm. Aer calcination (Fig. 5b) , the size of the microspheres decreases to 2.8 AE 0.9 mm, the shell presents a thickness ranging from 30 to 200 nm, where ZnO nanoparticles up to 70 nm can be observed. The opening of the microspheres is found between 500 and 900 nm.
Aer functionalization with GO, the hollow microspheres surface is totally covered with graphene oxide, inclusive in the openings. It is worth mentioning that in the GO-(NH 4 ) 2 CO 3 - Fig. 3 X-ray diffractograms of chemically and electrochemically oxidized graphite. Graphite XRD spectrum is included for sake of comparison. ZnO case, the samples were slightly darker than those of GOZnO, this may be due to the presence of graphite. The X-ray diffraction (Fig. 6) (002), (101), (102), (110), (103), (112) and (001) (JCPDS 36-1451, Fig. 6 ). The materials functionalized with GO maintain the same diffraction peaks. Graphene diffractions can be observed only aer magnication of the region 2q ¼ 3-30 (ESI †).
In order to corroborate on the GO functionalization of ZnO hollow microspheres, XPS analysis was performed. Fig. 6 shows the survey spectrum for ZnO, while those of GO/ZnO and GO-(NH 4 ) 2 CO 3 /ZnO are shown in the ESI. †
The survey conrms the presence of adventitious carbon contamination (C 1s), O and Zn signals correspond to ZnO hollow microspheres (Fig. 7) . The same signals were observed aer GO functionalization, evidently with many different relative intensities. Quantication of each peak gives rise to the elemental analysis reported in Table 1 .
The results obtained aer the deconvolution process performed on the high resolution XPS spectra of the Zn 2p 3/2 , C 1s and O 1s signals, corresponding to the three samples, are shown in Fig. 8 .
The shi of binding energy in the signal Zn 2p from 0.3 to 1.2 eV, in the samples demonstrates that the modication of ZnO hollow was successfully achieved by this route. The analysis of C 1s conrms that the carbon present in the hollow ZnO sample was a residual carbon contamination, contrary to the C 1s, presented in the modied samples, for which the Zn-O-C bond could be identied, conrming the interaction and modication of the hollow spheres by the GO.
With respect to the O 1s signal, the analysis indicates that the component O(I) can be attributed to the Zn-O bonds, secondly the O(II) is associated with O 2À ions that are in oxygen-decient regions within the ZnO. As a result, changes in the intensity of this component may be in connection with the variations in the concentration of the oxygen vacancies, and the higher binding energy O(III), is usually attributed to chemisorbed or dissociated oxygen or OH species on the surface of the ZnO.
28
The adsorption of GO on the hollow microspheres was also followed by UV-Vis spectroscopy, Fig. 9 . The ZnO hollow microspheres exhibit a peak at 275 nm due to the plasmon resonance of Zn nanoparticles and a shoulder at around 370 nm attributed to the absorption of nanoparticles of ZnO. These two absorptions persist in the functionalized microspheres as reported by other authors. 29 Additionally, both GO/ ZnO and GO-(NH 4 ) 2 CO 3 /ZnO present an absorption band at 240 nm attributed to the p-p* transition of C]C of graphene oxide.
30,31
This latter peak is, however, more pronounced for the chemical GO, in agreement with the higher oxidation as found previously by vibrational spectroscopy. 
Photocatalytic activity
As previously mentioned, the photodegradation of salicylic acid was followed by UV-Vis spectroscopy. Fig. 10 reports the graphic of the concentration of salicylic acid (C) normalized with respect to the initial value (C 0 ) vs. time, in the three different catalytic systems of this work: hollow ZnO microspheres without and with graphene oxide (electrochemically and chemically synthesized). It can be seen, that at 240 min of exposure, the concentration of salicylic acid decreases to 18% of its initial value for pristine ZnO microspheres, whereas the microspheres with graphene oxide give a decrease of up 29 and 27%, for the chemical and electrochemical graphene oxide, respectively. The experimental data were tted using the pseudo-rst order kinetic equation: ln(C 0 /C) ¼ kt (Fig. 10, inserted) . 32 The salicylic acid degradation rate constants are 0.0015, 0.0012 and 0.0008 min À1 for GO-ZnO, GO-(NH 4 ) 2 CO 3 -ZnO and ZnO respectively. The enhancement of the degradation constant observed for both graphene oxides can be explained on the basis of the photodegradation mechanism, Fig. 11 . Under UV light but without catalyst or in presence of catalyst but without UV light, no reaction occurs, as the UV excitation is necessary for generating excitons in the semiconductor. Due to the electron donor character of salicylic acid and the electron acceptor nature of ZnO, excitons are dissociated in the free charges: electrons (e À ) and holes (h + ). As reported for other organic compounds in water, 33 it is considered that in the valence band, holes generate OH radicals. Conduction band electrons reduce dissolved oxygen forming hydrogen peroxide. Graphene oxide participates as an intermediary electron attractor to achieve the charges from ZnO through photoinduced electron transfer. Moreover, it is a semiconducting material, thus favouring the charge transport and reducing the possible e À /h + recombination. It is to be mention that a similar enhancement in the photocatalytic activity was found for graphene-ZnO hybrids. However, in that work ZnO particles were nanosized and graphene, not graphene oxide was used in order to obtain higher electrical conductivity with respect to pure ZnO. 34 In this context, the almost equivalent behaviour of chemical and electrochemical graphene-ZnO samples indicates that the GO-(NH 4 ) 2 CO 3 exhibit a very good photocatalytic behaviour, despite the lower oxidation of graphite. Moreover, as it is obtained in a simpler, less toxic method represents an eco-friendly alternative to classical chemical graphite oxide.
Conclusion
IR, Raman, and XRD spectroscopies reveal that electrochemical oxidation of graphite gives a partial oxidation with respect to classical chemical oxidation method. Nevertheless, its functionalization with hollow ZnO microspheres gives a composite material with similar photodegradation rate constants for salicylic acid as the corresponding with graphite oxide obtained with acids method, and even more effective compared with not functionalized ZnO microspheres. These results demonstrate that hollow ZnO microspheres functionalized with electrochemical graphite oxide represent an eco-friendly photocatalytic system for water treatment.
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